A B S T R A C T :
A confident clinical diagnosis of psychogenic tremor is often possible, but, in some cases, a ''laboratory-supported'' level of certainty would aid in early positive diagnosis. Various electrophysiological tests have been suggested to identify patients with psychogenic tremor, but their diagnostic reliability has never been assessed ''head to head'' nor compared to forms of organic tremor other than essential tremor or PD. We compared baseline tremor characteristics (e.g., frequency and amplitude) as well as electrophysiological tests previously reported to distinguish psychogenic and organic tremor in a cohort of 13 patients with psychogenic tremor and 25 patients with organic tremor, the latter including PD, essential-, dystonic-, and neuropathic tremors. We assessed between-group differences and calculated sensitivity and specificity for each test. A number of tests, including entrainment or frequency changes with tapping, pause of tremor during contralateral ballistic movements, increase in tremor amplitude with loading, presence of coherence, and tonic coactivation at tremor onset, revealed significant differences on a group level, but there was no single test with adequate sensitivity and specificity for separating the groups (33%-77% and 84%-100%, respectively). However, a combination of electrophysiological tests was able to distinguish psychogenic and organic tremor with excellent sensitivity and specificity. A laboratory-supported level of diagnostic certainty in psychogenic tremor is likely to require a battery of electrophysiological tests to provide sufficient specificity and sensitivity. Our data suggest such a battery that, if supported in a prospective study, may form the basis of laboratory-supported criteria for the diagnosis of psychogenic tremor. V C 2011 Movement Disorder Society Key Words: psychogenic tremor; tremor analysis; electrophysiology; diagnostic criteria Psychogenic tremor (PsyT) is the most commonly reported psychogenic movement disorder (PMD). 1 Current diagnostic criteria for PMD 2 are based, at least in part, on clinical findings that are incongruent with organic movement disorders; with regard to tremor, these include distractibility and entrainment. However, there is no gold standard for diagnosing PsyT apart from these clinical criteria. In some patients, uncertainty remains and may result in diagnostic delay and unnecessary investigation and treatment. The importance of a positive diagnosis, rather than one of exclusion, has been repeatedly emphasized, 3 and in line with this, it has been suggested that a ''laboratory-supported'' level of certainty might be added to current clinical diagnostic criteria. 4 A variety of electrophysiological tests have been proposed as useful in distinguishing PsyT from organic tremor (OrgT), 5, 6 and might therefore qualify for inclusion in this new level of diagnostic certainty. Previously reported characteristics of PsyT include a tonic discharge of antagonist muscles approximately 300ms before the onset of tremor bursts, 3 an increase of tremor amplitudes in response to weighting the limb, 3, 7 entrainment or an increase in variability and change of tremor frequency while tapping with the contralateral hand, 7-10 less accurate tapping performance at requested frequencies, 7 significant coherence in bilateral tremors, 11 and transient arrest of tremor during a ballistic movement of the other hand. 12 Current data, using such tests to distinguish between PsyT and OrgT, have two important limitations. First, there has been no direct head-to-head comparison of the utility of these techniques in the same sample of patients. Second, and perhaps more important, most tests have only been compared between PsyT and essential tremor (ET) or PD tremor, rather than more unusual OrgT disorders, such as dystonic tremor (DT), where differentiation from PsyT may be more difficult.
In this study, we, therefore, set out to directly compare the sensitivity and specificity of these electrophysiological techniques in a group of patients with different tremor disorders. We consider this study a first step toward the development of laboratorysupported criteria for PsyT.
Patients and Methods

Patients
Thirteen patients with PsyT (mean age: 47.1 6 15.0 years; mean disease duration: 8.2 6 6.3 years) and 25 patients with OrgT (mean age: 67.5 6 14.3 years; mean disease duration: 13.8 6 15.1 years) were studied. The OrgT group consisted of 9 patients with PD, 9 with DT, 5 with ET, and 2 with neuropathic tremor (NT). PsyT and OrgT were classified according to published criteria. 2, 13 All patients were diagnosed by two movement disorder experts (M.J.E. and K.P.B.). We selected a clinically heterogeneous PsyT group that included 8 patients who did not show certain clinical criteria-such as entrainability and distractibilitythat would be relevant for the outcome of some of the electrophysiological tests, but in whom diagnosis was based on other criteria, such as presence of further somatizations and placebo response. Demographics and clinical characteristics of PsyT patients are given in Table 1 . Local Research Ethics Committee approval was obtained, and all patients gave informed consent.
Accelerometry and EMG
Patients were comfortably seated in a chair. A triaxial accelerometer transducer (sensitivity 6 100 mV/G, Biometrics ACL300; Biometrics Ltd., Cwmfelinfach, Wales, UK) was attached to the dorsal surface of the middle phalanx of the index finger bilaterally. Surface electromyography (EMG) was recorded from wrist flexors (WFs) and wrist extensors (WEs). EMG signals were amplified (Digitimer Ltd., Welwyn Garden City, UK) and analog filtered (low pass at 1,000 Hz and high pass with 3-ms time constant) and sampled at 2,000 Hz.
Recordings were performed (1) with arms relaxed and hands hanging freely from the arm rest (rest), (2) with arms/wrists outstretched at shoulder level without (posture), and (3) with a 500-g mass attached to the wrists, (4) while performing a goal-directed task (action), (5) during a tapping task, and (6) while performing ballistic hand movements. For the tapping task, subjects were instructed to use the less-affected hand to tap in time with a metronome at rates of 1, 3, and 5 Hz while ignoring the more symptomatic arm. For the ballistic movement task, subjects were instructed to point with the index finger of an outstretched arm at shoulder level at the examiner's index finger and follow it as fast as possible when the examiner would change position abruptly. During the tasks, EMG and accelerometry were recorded continuously from the more affected contralateral arm in the position (i.e., rest or posture) where tremor was maximal. The tremor was recorded and analyzed for 30 seconds in each condition.
Data Analysis and Statistics
A Fourier analysis of the signals derived from accelerometry was performed to define peak tremor frequency (PF), total power of the spectra between 1 and 30 Hz as a measure of tremor amplitude (TP), halfwidth power (HWP) given by the area under the curve between two vertical straight lines intersecting the rising, and falling edge of the peak at half peak power (full-width half maximum; FWHM), with the latter being a measure of frequency stability/variability. 14 All parameters were calculated for each accelerometer axis, then averaged.
EMG recordings were used offline to define the onset of each ballistic movement. The effect of ballistic hand movements was assessed, as previously described, 12 by assessing changes in tremor amplitude and frequency as well as latency and duration of significant changes. Tremor was considered sensitive to the execution of a contralateral ballistic movement in patients in whom a tremor pause or at least a 50% decrease in period or amplitude occurred in 7 or more of 10 trials. 12 We performed coherence and phase analysis on rectified EMG signals from WE and WF of the tremor dominant arm to define whether EMG bursts occurred simultaneously (i.e., in phase), in an alternating pattern (i.e., 180 degrees out of phase), or somewhere between. In the 32 of 38 subjects with a bilateral hand tremor, we additionally assessed coherence between EMG of right and left WE. The presence of coherence was defined as two contiguous bins on the coherence plot that rose above the 99% confidence limit for random coherence at a frequency where there were corresponding peaks in the power spectra. 9 Analyses of tapping task performance and entrainment are explained more fully below. We measured and averaged the duration of tremor bursts for 30 seconds on WE-EMG recordings of postural tremor of the more affected arm. After anonymizing the data, we inspected the EMG of WE and WF of the tremordominant arm for the presence of a tonic coactivation phase at tremor onset (i.e., start of rhythmic oscillations on accelerometry). The tonic coactivation phase was defined as tonic discharge of antagonist muscles approximately 300 ms before the onset of tremor bursts. 3 Statistical analysis was performed using PASW Statistics 18 (SPSS, Inc., Chicago, IL). Baseline tremor characteristics were compared between OrgT and PsyT by independent-samples t-test. To assess the effect of loading and tapping on PF and TP of the tremor-dominant hand, we performed a repeatedmeasures analysis of variance (ANOVA). All post-hoc comparisons were corrected by the Bonferroni method. For categorical data, group analysis was performed with 2 Â 2 cross-tabs. We compared the frequency of abnormal test results by chi-square tests and Fisher's exact test (two-sided) and obtained sensitivity and specificity for each test. P values below 0.05 were considered to indicate statistical significance.
Results
Baseline tremor characteristics are given in Table 2 .
500-g Loading
We compared TP (accelerometry; more affected hand) of a 30-second epoch before and after loading. A repeated-measures ANOVA showed a significant interaction of loading and group (F (1,36) ¼ 4.69, P ¼ 0.037) and a significant effect of group (F (1,36) ¼ 5.17, P ¼ 0.029), which was explained by a significant increase of TP with loading in PsyT, compared to OrgT. We calculated the within-patient percent change in TP after loading and defined a cut-off value of abnormal increase of TP (mean of OrgT data þ 2 SD [standard deviation]). The upper limit of normal, as defined above, was 130%, and 4 of 12 PsyT versus 2 of 25 OrgT (1DT, 1NT) had an increase of TP after loading above this level (P ¼ 0.073; test sensitivity: 33%; test specificity: 92%).
Tapping Task Performance
There was no significant difference in task performance on a group level. Average tapping frequencies (derived from 30-second epochs) were as follows: for 1-Hz tapping, 1.31 6 1.48 Hz in PsyT and 1.01 6 0.01 Hz in OrgT (P ¼ 0.5); for 3-Hz tapping, 3.07 6 0.39 Hz in PsyT and 3.09 6 0.43 Hz in OrgT (P ¼ 0.9); and for 5-Hz tapping, 4.37 6 1.33 Hz in PsyT and 4.99 6 0.38 Hz in OrgT (P ¼ 0.1). 
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We defined correct tapping performance for 1, 3, and 5 Hz as 0.5 to 1.5 Hz, 2.5 to 3.5 Hz, and 4.5 to 5.5 Hz, respectively. The rate of incorrect performances was higher in the PsyT, compared to the OrgT, group, although this difference was not significant: 2 of 13 PsyT patients and 0 of 25 OrgT patients performed the 1-Hz tapping task incorrectly (P ¼ 0.1); 3 of 13 PsyT patients and 1 of 25 OrgT patients (1 PD) performed the 3-Hz task incorrectly (P ¼ 0.1); and 4 of 13 PsyT patients and 3 of 25 OrgT patients (1 PD, 2 NT) performed the 5-Hz task incorrectly (P ¼ 0.2).
Incorrect task performance in at least one of the tapping frequencies was found in 6 of 13 PsyT and 4 of 25 OrgT patients (P ¼ 0.062; test sensitivity: 46%; test specificity: 84%).
Entrainment
At 1-Hz tapping, 1 of 13 PsyT patients had tremor suppression and another patient showed entrainment. At 3-Hz tapping, 1 of 13 PsyT patients had tremor suppression and 2 showed entrainment. At 5-Hz tapping, 3 of 13 PsyT patients showed entrainment. None of the 25 OrgT patients entrained to 1-, 3-, or 5-Hz tapping. Therefore, entrainment during contralateral tapping in at least one of three frequencies was found in 5 of 13 PsyT and 0 of 25 OrgT patients (P ¼ 0.003; test sensitivity: 39%; test specificity: 100%).
Frequency Shift During Tapping
To further evaluate the effect of finger tapping at requested frequencies of 1, 3, and 5 Hz on PF (derived from 30-second epochs each) of the contralateral hand, we performed a repeated-measures ANOVA with Tapping (baseline, 1 Hz, 3 Hz, and 5 Hz) as a within-subject factor and group (OrgT, PsyT) as between-subjects factors. There was a significant effect of tapping on the tremor frequency of the contralateral hand (F (3,105) ¼ 3.14; P ¼ 0.029) and a significant tapping Â group interaction (F (3,105) ¼ 3.79; P ¼ 0.013). Post-hoc tests with a Bonferroni correction revealed this to be the result of a significant absolute reduction of tremor frequency while tapping at 3 Hz (P ¼ 0.049) in the PsyT group (5.64 6 2.04 Hz at baseline; 4.62 6 2.24 Hz during 3-Hz tapping).
We calculated relative change of tremor frequency during 1-, 3-, and 5-Hz tapping, compared to baseline (Table 3) , and defined the cut-off level for a pathological change of tremor frequency during contralateral tapping as mean þ 2SD from OrgT data. Therefore, the upper limit of normal change in tremor frequency at 1 Hz was 19.0%, at 3 Hz was 26.9%, and at 5 Hz was 25.7%. Using the above cut-off values, 8 of 13 PsyT and 1 of 25 OrgT (1 PD) patients showed abnormal tremor frequency shift during 1-Hz tapping. Furthermore, 6 of 13 PsyT and 1 of 25 OrgT patients (1 DT) showed abnormal tremor frequency shift during 3-Hz tapping, whereas 5 of 13 PsyT and 1 of 25 OrgT patients (1 PD) showed abnormal tremor frequency shift during 5-Hz tapping. Therefore, an abnormal frequency shift during contralateral tapping in at least one of three frequencies was found in 10 of 13 PsyT and 3 of 25 OrgT patients (P < 0.001; test sensitivity: 77%; test specificity: 88%).
Only 3 PsyT patients had no abnormal shift in any of the tapping tasks. However, 2 of these patients had poor task performance in at least one of the requested frequencies. Hence, only 1 PsyT patient had a correct task performance on all three requested tapping frequencies without showing significant contralateral tremor frequency change.
Ballistic Movement
One PsyT patient was excluded from analysis because she was not able to perform the task as instructed. Compared to baseline, at least a 50% All values are given as mean 6 standard deviation. A star indicates a significant difference between the groups at a 5% level. Abbreviations: PsyT, psychogenic tremor group; OrgT, organic tremor group; PF, peak tremor frequency; TP, total power; HWP, half-width power; FWHM, fullwidth half maximum; Hz, hertz; G, gravity.
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decrease in period or amplitude after the contralateral ballistic movement in at least 7 of 10 trials 12 occurred significantly more frequently in PsyT (8 of 12) than in OrgT (4 of 25: 2 PD, 1 DT, 1 ET) (P ¼ 0.006; test sensitivity: 67%; test specificity: 84%). A clear pause in tremor was observed in at least 7 of 10 trials in 5 of 12 PsyT patients and in none of the OrgT patients (P ¼ 0.002; test sensitivity: 42%; test specificity: 100%).
In subjects with a significant decrement of tremorrelated oscillations after contralateral ballistic movements, latency and duration were, on average, 1.02 6 0.46 seconds and 1.88 6 0.98 seconds in PsyT and 0.96 6 0.75 seconds (P ¼ 0.85) and 1.29 6 0.76 seconds (P ¼ 0.15) in OrgT. Representative examples of the effects of ballistic movement are given in Fig. 1 .
Coherence
Significant EMG coherence in bilateral arm tremors was found more frequently in PsyT (5 of 9) than in OrgT (1 of 23: 1 PD) (P ¼ 0.003; test sensitivity: 56%; test specificity: 96%).
Tonic Coactivation
One episode of tremor onset could be recorded in 11 of 13 PsyT and 23 of 25 OrgT patients. A tonic coactivation phase was found in 5 of 11 PsyT and in 1 of 23 OrgT (1 DT) patients (P ¼ 0.008; test sensitivity: 46%; test specificity: 96%).
Summary Score
Test sensitivity and specificity of all separate tests varied between 33% and 77% and 84% and 100%, respectively. To strengthen the discriminative value of the electrophysiological tests, we calculated a sum score for all performed tests (maximum 10 points).
• Incorrect tapping performance at 1, 3, and 5 Hz Patients with PsyT had a higher average score on the test battery, compared to patients with OrgT (3.9 6 0.9 points versus 0.6 6 0.8 points; P < 0.001). All OrgT patients had either 0 or 1 or 2 points (see Supporting Table 5 ). In contrast, all PsyT patients had 3 points or more (Table 4) . We, therefore, defined the cut-off score for a diagnosis of laboratory-supported PsyT with 3 of 10 points (test sensitivity and specificity of 100%; P < 0.001).
Discussion
We have, for the first time, compared the discriminative value of previously developed electrophysiological tests to differentiate between PsyT and OrgT. Our data suggest that a number of tests are potentially useful to discriminate PsyT from a broad range of OrgT (e.g., PD, ET, DT, and NT), but on their own, they lack sensitivity, specificity, or both. However, a combination of tests was able to classify PsyT and OrgT more accurately and may, therefore, provide the basis for laboratory-supported criteria.
We confirm that simple tremor analysis (i.e., frequency and amplitude) is generally unhelpful for the differentiation of PsyT from OrgT. 3 However, as obsreved in two previous studies, which included patients with PD and ET, 3, 7 change in tremor amplitude with weighting can distinguish patients at a group level. The increase of tremor amplitudes in PsyT may arise from increased coactivation to maintain oscillation. 3 However, we found a large variability in TP changes in our OrgT cohort, so the upper limit of our normal range was set quite high (130%). Even so, 1 patient with NT and 1 with DT showed even larger increases of TP, which may simply reflect fluctuations in tremor amplitude in DT (unrelated to loading) and may be a consequence of muscle weakness in NT.
A small proportion of PsyT patients (5 of 13) entrained to one of the three requested tapping frequencies, which was not seen in any OrgT patients. A significant frequency shift (but not true entrainment) was considerably more common (10 of 13 PT patients). These data indicate that true entrainment is perhaps quite uncommon, in contrast to significant absolute changes in tremor frequency and marked Abbreviations: PsyT, psychogenic tremor group; OrgT, organic tremor group; SD, standard deviation.
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intraindividual variability with tapping. 7 Recording of more than one tapping frequency is useful, because it increases the chance to detect entrainment or a significant frequency shift. We confirm that recording the tapping performance is mandatory, 7 because 6 of 13 PsyT patients had an incorrect task performance during at least one of the tapping frequencies. A pathological frequency shift, which is most likely to be the result of distraction, is clearly less likely to occur in patients who do not pay enough attention to correctly perform the tapping task.
An early study using time-frequency analysis found a frequency dissociation in bilateral tremors in 9 of 12 PD and 4 of 7 ET patients, but in neither of 2 patients with PsyT. 8 Because these investigators also found that tremor either stopped or entrained with contralateral tapping in 5 of 5 PsyT patients, they concluded that PsyT affecting multiple limbs has only one oscillator, and that the coexistence of muscle groups phasically contracting at different frequencies is evidence against a psychogenic tremor aetiology. 8 However, in line with our findings, a more recent study investigating 15 PsyT patients with bilateral tremor using coherence analysis found that only 7 patients had significant coherence between the two hands, whereas 8 patients had independent contralateral tremor rhythms. 11 Two possible mechanisms that have been suggested to underlie noncoherent PsyT are a clonus mechanism and tremor that is so ''overtrained'' that it runs automatically and is not perturbed by another voluntary movement. 6, 11 The myographic equivalent of the clinical ''coactivation sign'' is a short (i.e., $300 ms) tonic coactivation phase before the onset of tremor bursts. 3 We were not able to capture the onset of tremor in all patients, because tremor was continuous in some. We confirm that the presence of a tonic coactivation phase before tremor onset is characteristic of PsyT and corresponds, in most cases, with the presence of clinical coactivation, but on blinded assessment, test sensitivity was only 46%.
There is a problem inherent in patient selection for studies such as this where current diagnostic criteria are based, in part, on items of which one is hoping to test specificity and sensitivity. This runs the risk of a circular argument, that patients are selected with a diagnosis of PsyT because (for example) tremor is distractible and entrainable, and then the specificity of distractibility and entrainability as a diagnostic feature of PsyT is assessed. This is an important issue that has not always been acknowledged in previous studies. We tried to overcome this problem by also including patients in whom the diagnosis of PsyT was based on features not relevant to the electrophysiological tests under investigation. Another potential problem is the fact that there is no 100% certainty that the clinical diagnosis of PsyT is correct in all cases; hence, a very small chance remains that clinical misdiagnosis may explain part of the variability in the electrophysiological findings.
The clinical presentation of PsyT varies widely, and the underlying mechanisms leading to tremor generation may be heterogeneous. 11 It is, therefore, not surprising that our data show that one single laboratory test alone seems insufficient to correctly separate PsyT from OrgT. We have shown that in our cohort, patients with PsyT may be identified by a varying subset of tests (Table 4) . We have also demonstrated that well-characterized patients with different forms of OrgT can have abnormalities on certain electrophysiological tests said to distinguish PsyT from OrgT. However, by using a combination of tests, we can fully discriminate this cohort of PsyT and OrgT patients. We do not claim that the results of this study have predictive value as yet, because all patients were clinically diagnosed before assessment. Also, current data most likely overestimate the discriminative potential of the sum score as it was applied in the same sample used for test selection. However, the current study does provide evidence to support a select group of simple electrophysiological tremor studies whose sensitivity and specificity can now be tested prospectively in a larger multicenter trial including an unselected group of patients with tremor. The equipment required for these tests, and testing time necessary, is limited. If the results here are confirmed, then this simple battery of tests may be suitable to provide a laboratory-supported level of certainty in the diagnosis of PsyT.
